Journal  of  Power  Sources  266  (2014)  198-207 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


JOUHNAL  OF 


Intomrtonul  Journal  on  «m>  Sdonoa  and  Tactmotogy 
Uanary.  FuM  C«a  and  o«ha<  Uacvotna^ncai  SyMtma 


Lithium  dendrite  and  solid  electrolyte  interphase  investigation  using 
0s04 


CrossMark 


Martin  Zier  •  ,  Frieder  Scheiba  •  •  ,  Steffen  Oswald  ,  Jurgen  Thomas  ,  Dietrich  Goers  , 
Torsten  Scherer  ,  Markus  Klose  ,  Helmut  Ehrenberg  ’  ,  Jurgen  Eckert  • 

aIFW  Dresden,  Institute  for  Complex  Materials,  Helmholtzstrafee  20,  D-01069  Dresden,  Germany 
b  Dresden  University  of  Technology,  Institute  of  Materials  Science,  Helmholtzstrafee  7,  D-01069  Dresden,  Germany 

c  Karlsruhe  Institute  of  Technology  (KIT),  Institute  for  Applied  Materials  (IAM),  Hermann-von-Helmholtz-Platz  1,  D-76344  Eggenstein-Leopoldshafen,  Germany 
d Helmholtz-Institute  Ulm  for  Electrochemical  Energy  Storage  (HIU),  P.O.  Box  3640,  D-76021  Karlsruhe,  Germany 
eLi-Tec  Battery  GmbH,  Am  Wiesengrund  7,  D-01917  Kamenz,  Germany 

f  Karlsruhe  Institute  of  Technology  (KIT),  Institute  of  Nanotechnology  (INT),  Hermann-von-Helmholtz-Platz  1,  D-76344  Eggenstein-Leopoldshafen,  Germany 


HIGHLIGHTS 


•  Osmium  tetroxide  (0s04)  staining 
greatly  improves  material  contrast  in 
LIB  electrodes. 

•  Detection  and  study  of  distribution  of 
lithium  dendrites  on  graphitic  an¬ 
odes  possible. 

•  Coordinated  reaction  of  0s04  with 
components  of  the  SEI  is  shown. 

•  Electrochemically  removed  lithium 
dendrites  can  be  located  by  their 
stained  SEI  shells. 

•  Applicable  for  cross  sectional  study  of 
Li  dendrite  distribution  and  SEI  layer 
evolution. 
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Osmium  tetroxide  (0s04)  staining 


Osmium  tetroxide  (0s04)  staining,  commonly  used  to  enhance  scattering  contrast  in  electron  microscopy 
of  biologic  tissue  and  polymer  blends,  has  been  adopted  for  studies  of  graphite  anodes  in  lithium-ion 
batteries.  0s04  shows  a  coordinated  reaction  with  components  of  the  solid  electrolyte  interphase  (SEI) 
and  lithium  dendrites,  thereby  increasing  material  contrast  for  scanning  electron  microscopy  in¬ 
vestigations.  Utilizing  the  high  affinity  of  lithium  metal  to  react  with  osmium  tetroxide  it  was  possible  to 
localize  even  small  lithium  deposits  on  graphite  electrodes.  In  spite  of  their  reaction  with  the  0s04  fume, 
the  lithium  dendrite  morphology  remains  almost  untouched  by  the  staining  procedure,  offering  infor¬ 
mation  on  the  dendrite  growth  process.  Correlating  the  quantity  of  osmium  detected  with  the  amount  of 
residual  (“dead”)  lithium  of  a  discharged  electrode,  it  was  possible  to  obtain  a  practical  measure  for 
lithium  plating  and  stripping  efficiencies.  EDX  mappings  allowed  for  a  localization  of  electrochemically 
stripped  lithium  dendrites  by  their  residual  stained  SEI  shells.  Cross  sections,  prepared  by  focused  ion 
beam  (FIB)  of  cycled  graphite  electrodes  treated  with  0s04,  revealed  important  information  about 
deposition  and  distribution  of  metallic  lithium  and  the  electrolyte  reduction  layer  across  the  electrode. 
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1.  Introduction 

Most  of  today’s  Lithium-ion  batteries  use  graphitic  carbons  as 
the  negative  electrode  material  because  of  its  advantageous  prop¬ 
erties  such  as  safety,  price  and  cycling  stability.  The  comparably  low 
gravimetric  capacity,  however,  renders  it  unsuitable  for  future’s 
battery  demands,  re-fueling  the  interest  in  lithium  metal  that  offers 
highest  energy-density  and  specific  capacity.  Yet,  both  electrode 
materials  face  one  issue  alike:  they  are  prone  to  surface-mediated 
lithium  deposition  of  non-uniform  characteristics.  Such  lithium 
plating  is  responsible  for  a  fast  decay  of  battery  performance  and 
poses  high  safety  risks.  Huge  efforts  were  made  in  order  to  tackle 
the  susceptibility  to  dendritic  growth  of  lithium.  The  appearance  of 
lithium  deposits  is  closely  linked  to  the  surface  chemistry  of  the 
electrode  material  1  ,  the  electrolyte  composition  [2-6],  salt 
concentration  7],  surface  morphology  [8-10]  as  well  as  the  degree 
of  graphitization  [11  .  Co-deposition  of  sodium  [12-14]  and  the 
addition  of  small  concentrations  of  Cs+  have  proven  beneficial  to 
reduce  dendritic  growth  [15  .  Most  of  the  visualization  methods 
applied  (optical  cells  [2,4,16  ,  AFM  [17  ,  NMR  18],  electron  micro¬ 
scopy  [8,15,19-21])  are  dedicated  to  study  lithium  deposition 
morphology  after  or  during  electrochemical  testing  [17,18,20,21  . 
Only  little  work  on  the  quantification  of  lithium  deposition  has 
been  reported  so  far  [22].  The  poor  coulombic  efficiencies 
[1,3,11,14,19],  that  are  a  main  attribute  of  lithium  plating  due  to 
electrolyte  reduction,  have  not  been  studied  quantitatively  using 
scanning  electron  microscopy.  Providing  accurate  data  is  particu¬ 
larly  difficult  when  investigating  lithium  deposition  on  graphite 
electrodes.  The  low  material  contrast  provided,  allows  only  small 
sections  (high  magnifications)  of  the  electrodes  to  be  investigated 
properly,  thus  impeding  the  effective  analysis  of  overall  deposition 
distribution.  However,  in  order  to  estimate  the  effects  of  lithium 
deposition  on  electrode  performance  it  is  inevitable  to  gain  quan¬ 
titative  results  beyond  the  actual  electrochemical  data. 

Most  of  the  improvements  achieved  on  controlling  lithium 
deposition  are  at  least  indirectly  attributed  to  a  homogenization  of 
current  distribution  [8,9,23,24  .  It  was  shown  that  the  local  current 
can  deviate  strongly  from  the  experimentally  obtained  mean  value 
[25],  making  it  possible  for  lithium  deposition  to  occur  at  potentials 
positive  to  the  thermodynamic  reduction  potential  [16  .  Thus, 
lithium  deposition  is  directly  correlated  to  locally  deteriorated 
current  density  distribution  which  in  turn  is  strongly  linked  to  the 
solid  electrolyte  interphase  (SEI)  [26]  as  a  determining  factor  on 
surface  homogeneity,  battery  cycle  life  and  overall  cell  performance 
[27,28].  Several  techniques  were  applied  in  order  to  analyze  the 
complex  composition  and  multilayer  structure  of  the  SEI  [29-33], 
yet  many  features  of  it  remain  obscure  [34].  The  continuous 
improvement  of  technologies  visualizing  the  microstructure  of 
materials,  however,  allowed  first  electron  microscopy  studies  of 
changes  in  SEI  thickness  with  cycling  [30]  and  observation  of 
morphology  dependence  on  formation  conditions  [35,36]  and 
electrolyte  composition  [37]. 

As  is  for  lithium  deposited  on  graphite,  studying  the  electrolyte 
reduction  layer  is  hardly  possible  when  using  electron  microscopy 
techniques  due  to  the  low  scattering  contrast  of  its  components  and 
its  instability  in  the  electron  beam  [30,37,38].  Biology  and  polymer 
science  have  overcome  comparable  difficulties  where  samples  like 
(human)  body  cells  and  polymer  blends  with  very  low  material 
contrast  are  subject  to  studies  using  (transmission)  electron  mi¬ 
croscopy.  A  common  technique  in  these  fields  which  was  first 
applied  by  Kato  in  1965  [39  to  polymers,  is  the  selective  staining  of 
double-bonds  by  osmium  tetroxide  [40-45  .  While  the  well- 
known  reactivity  of  OSO4  with  butadiene  based  rubbers  has  pre¬ 
viously  been  used  in  lithium-ion  battery  research  to  investigate  the 
distribution  of  CMC-SBR  binders  within  the  electrode,  we  herein 


report  a  new  application  of  the  OSO4  staining  technique  to  study 
lithium  deposition  and  the  SEI  layer  on  graphite  electrodes.  The 
staining  resulted  in  a  dramatic  improvement  of  material  contrast 
when  using  electron  microscopy  along  with  a  stabilization  of  the 
samples  against  air  exposure  as  well  as  beam  induced  damage.  In  a 
first  principles  study  we  were  able  to  illustrate  the  application  for  a 
much  improved  detection  and  quantification  of  lithium  dendrites 
and  dead-lithium  in  graphite  electrodes  not  reported  using  elec¬ 
tron  microscopy  so  far.  Additionally,  a  coordinated  reaction  of  the 
SEI  with  osmium  tetroxide  is  shown,  allowing  for  a  better  study  of 
its  morphological  changes  over  life  time.  This  method  is  therefore 
able  to  contribute  to  both,  understanding  of  lithium  deposition  and 
SEI  evolution. 

2.  Materials  and  methods 

2.1.  Electrochemical  testing 

The  graphite  electrodes  used  for  electrochemical  testing  and 
subsequent  Os04-staining  were  prepared  from  a  slurry  of  graphite 
(MCMB  MTI  Corp.)  with  5%  PVdF  (Solvay)  binder  and  3%  carbon 
black  (Timcal)  in  a  weight  ratio  of  92:5:3  using  the  ‘doctor  blade’ 
technique.  The  obtained  electrode  sheets  were  allowed  to  dry 
overnight  at  80  °C.  Electrodes  of  12  mm  diameter  were  punched 
from  the  electrode  foil  and  stored  in  a  vacuum  oven  for  at  least  24  h 
at  100  °C  to  remove  residual  moisture.  T-shaped  three-electrode 
Swagelok  cells  were  used  to  allow  precise  control  of  the  working 
electrode  potential  using  metallic  lithium  foil  (high-purity,  Merck) 
as  counter  and  as  reference  electrode  in  a  1  M  LP30  electrolyte 
(Merck).  The  electrodes  were  electrically  isolated  from  each  other 
by  two  sheets  of  Whatmann®  glass  fiber  separator  of  13  mm  in 
diameter  to  avoid  short  circuiting.  Cell  assembly  and  disassembly 
was  done  in  an  argon  filled  glove  box  (MBraun).  The  electro¬ 
chemical  measurements  were  carried  out  using  a  VMP3  multi¬ 
channel  potentiostat  (Bio-Logic).  Uniform  SEI  formation  was  ach¬ 
ieved  by  cycling  the  cells  three  times  between  1.5  V  and  0.005  V 
against  Li+/Li  at  a  current  of  C/10  based  on  the  active  mass  of  the 
electrode.  Further  cycling  was  done  at  a  C/2  current  in  the  same 
potential  range  for  50  times.  Cells  for  slice  and  view  investigation 
were  subject  to  subsequent  forced  lithium  deposition  by  over¬ 
charging  the  electrodes  to  150%  state  of  charge  with  a  C/10  current. 
Lithium  deposition  experiments  were  performed  in  potential  step 
mode  (PITT)  controlling  the  amount  of  charge  transferred  in  the 
same  cell  setup  with  either  graphite  or  the  sole  copper  current 
collector  as  a  working  electrode.  Prior  to  disassembly,  the  elec¬ 
trodes  were  fully  discharged  in  a  constant  potential  step  at  1.5  V 
until  a  cut-off  current  of  C/50  was  reached.  For  further  in¬ 
vestigations,  all  samples  were  washed  in  DMC  and  dried  in  vacuum 
shortly  in  order  to  remove  residual  conductive  salt. 

2.2.  Osmium  tetroxide  staining 

In  general,  the  exposure  of  samples  to  osmium  (VIII)  oxide  vapor 
must  be  done  in  strict  accordance  with  the  recommended  safety 
guidelines  as  it  is  highly  toxic,  corrosive  and  volatile.  Crystalline 
osmium  tetroxide  of  99.8%  purity  was  obtained  from  Merck  KGaA.  A 
special  exposure  device  was  constructed  in-house  to  allow  both, 
safe  storage  of  the  OSO4,  and  sample  staining  in  the  osmium  te¬ 
troxide  fume.  All  samples  were  put  into  the  exposure  chamber  from 
within  the  argon-filled  box.  Firmly  tightened,  the  exposure  device 
was  transferred  to  a  fume  hood  where  the  valve  connecting  the 
OsC>4-crystal  with  the  exposure  chamber  was  opened.  The  average 
exposure  time  was  chosen  between  12  h  and  18  h  46]  to  allow  for  a 
complete  reaction  of  the  samples  with  the  oxidant.  Once  staining 
had  been  finished,  the  purge  valves  were  opened  and  the  exposure 
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chamber  was  flushed  with  argon  for  two  hours  to  remove  the 
unreacted  OSO4  from  the  samples.  The  waste  gas  was  passed  into  a 
1  M  NaOH  solution. 

2.3.  Spectroscopic  and  structural  investigation 

A  Mo-Ka  x-ray  source  (A  =  0.70932  nm)  was  used  on  an  STOE 
STADI  P  diffractometer  in  transmission  mode  to  analyze  the  crystal 
structure  of  the  samples.  Angles  from  2  theta  =  3° -60°  were 
investigated  whilst  permanent  rotation  of  the  sample  to  improve 
crystallite  orientation  statistics.  A  pristine  graphite  electrode  and 
pure  metallic  lithium  foil  were  exposed  to  Os04  and  probed  for 
their  osmium  content  using  photo  electron  spectroscopy  (XPS).  To 
avoid  any  contact  of  the  samples  with  air  and  moisture  a  transfer 
chamber  (Physical  Electronics)  was  used  for  the  sample  transport 
from  the  argon-filled  glove  box  to  the  XPS  spectrometer.  Oxidation 
states  were  analyzed  on  a  PHI  5600  Cl  (Physical  Electronics)  spec¬ 
trometer  with  an  analysis  area  of  800  pm  diameter  determined  by 
the  hemispherical  analyzer  that  operates  at  a  typical  pass  energy  of 

29  eV.  Al  Ka  excitation  (350  W)  was  used  and  a  low  energy  electron 
charge  neutralizer  was  additionally  applied.  Sputter  cleaning  was 
done  using  Ar+-ions  at  3.5  keV  at  a  calculated  erosion  rate  of  around 
5  nm  min  1  calibrated  to  Si02.  Since  the  Os  4d  and  Os  4f  contri¬ 
butions  overlap  with  the  C  Is  and  Li  Is  binding  energies  all  spectra 
were  corrected  based  on  the  Os  4p3/2  main  peak.  Sample 
morphology  was  analyzed  using  an  SEM  LEO  (Zeiss)  with  a  Gemini  I 
Column  equipped  an  energy  dispersive  x-ray  spectrometer  (EDX) 
for  chemical  analysis.  Elemental  mappings  (600  x  600  pixels)  were 
taken  at  20  kV  excitation  and  a  120  pm  aperture  within  5  min 
acquisition  time. 

2.4.  Preparation  of  TEM  samples 

Active  material  was  removed  from  the  cycled  graphite  elec¬ 
trodes  by  scraping,  immersed  in  a  glass  vial  filled  with  DMC  and 
dispersed  by  stirring.  A  TEM  copper  grid  covered  with  a  lacey  car¬ 
bon  film  was  dipped  into  the  suspension,  leaving  behind  finely 
distributed  graphite  particles  on  the  film.  The  loaded  TEM  grid  was 
subsequently  exposed  to  Os04  vapor.  High  resolution  imaging  was 
conducted  using  a  Tecnai  F30  at  an  accelerating  voltage  of  300  kV. 
Electron  energy  loss  spectroscopy  (EELS)  and  EDX  were  applied  to 
investigate  the  chemical  composition  of  the  samples. 

2.5.  Preparation  of  and  FIB  slice  and  view  samples 

Cross  sections  of  an  overcharged  graphite  electrode  were  pre¬ 
pared  by  focused  ion  beam  (FIB)  on  an  XBeam  1540-EsB  (Zeiss)  dual 
beam  scanning  electron  microscope.  A  30  pm  x  30  pm  platinum 
pad  with  4  pm  thickness  was  deposited  on  top  of  the  sample.  A 

30  pm  deep  trench  was  milled  normal  to  the  sample  surface  using 
Ga+-ion  sputtering  to  unbury  the  electrode  and  to  allow  the  slicing 
debris  to  collate  around  the  sample.  The  FEI  slice  and  view  software 
was  setup  to  cut  250  slices  with  a  thickness  of  105  nm  each  taking 
an  SEM  picture  after  each  milling  step  (see  Video  in  the  Supporting 
information). 

Supplementary  video  related  to  this  article  can  be  found  at 

http://dx.doi.org/10.1016/jjpowsour.2014.04.134 

3.  Results  and  discussion 

3.1.  Morphological  studies 

HR-TEM  investigations  of  stained  and  unstained  graphite 
particles  were  performed  to  assess  the  reactions  of  osmic  acid 
with  the  solid  electrolyte  interphase.  Atomic  layers  of  the 


untreated  graphite  active  material  can  be  clearly  seen  from 
Fig.  la.  Distorted  graphite  layers  are  visible  on  the  particle’s 
surface  interspersed  by  dark  crystallites  of  different  atomic  layer 
distance  in  the  case  of  stained  active  material  (Fig.  lb).  Changing 
the  focus  plane  reveals  the  graphitic  layers  similar  to  the  pristine 
sample  (Fig.  lc).  Assuming  that  the  graphite  particle  is  sur¬ 
rounded  by  an  SEI,  the  graphitic  features  are  more  or  less 
superimposed  by  the  characteristics  of  the  stained  SEI  depending 
on  the  position  of  focus.  The  most  prominent  feature  in  the  HR- 
TEM  micrographs  is  the  finely  dispersed  dark  crystallites  of 
sizes  smaller  than  2  nm.  These  are  spread  across  the  entire 
stained  sample  and  are  assigned  to  the  SEI  having  selectively 
reacted  with  Os04  to  form  osmium  rich  crystals.  Lower  magni¬ 
fications  were  used  for  the  TEM  micrograph  of  Fig.  Id  using 
another,  aged  graphite  electrode  sample.  A  considerable  change 
in  thickness  of  the  sample  from  left  to  right  exposes  a  hetero¬ 
phase  area  of  approximately  60  nm  extent  at  the  edge  of  the 
graphite  particle.  Lucid  phases  are  clearly  separated  from  darker, 
stained  phases.  They  are  of  different  angular  shape  perfectly 
reproducing  the  heterophase  composition  of  the  SEI  proposed  by 
Peled  [47].  It  becomes  evident  that  different  SEI  components  are 
being  stained  differently.  The  transparent  phases  could  be 
attributed  to  components  like  LiF  or  L^O  showing  least  or  no 
reaction  with  Os04.  Darker  phases,  showing  dark  spots  as 
observed  in  Fig.  la  and  b  also,  should  be  attributed  to  alkyl  car¬ 
bonates  and  other  organic  electrolyte  reduction  products.  Ac¬ 
cording  to  the  preferred  osmium  tetroxide  reaction  one  would 
expect  the  outer,  polymeric  part  of  the  SEI  to  react  more  readily 
than  the  inner,  inorganic  part.  Yet,  the  micrographs  do  not  reflect 
this  correlation  directly,  most  likely  because  the  sample  does  not 
represent  a  perfect  cut  through  the  SEI.  In  order  to  identify  gra¬ 
dients  in  the  osmium  distribution  between  the  outer  and  inner 
parts  of  the  SEI,  cross  sections  of  the  SEI  layer  would  be  neces¬ 
sary.  This  could  only  be  achieved  by  dedicated  FIB  or  ion  pol¬ 
ishing  sample  preparation  which  is  beyond  the  scope  of  this  first 
principle  manuscript. 

High-Angle  Annular  Dark-Field  imaging  (HAADF)  of  the  aged 
sample  shows  very  bright  regions  that  can  be  attributed  to  lithium 
deposits  having  readily  reacted  with  osmium  tetroxide.  The  elec¬ 
trochemical  cycling  protocol  of  the  electrode  allows  for  lithium 
deposition  to  occur  on  the  graphite  particles.  As  metallic  lithium  is 
an  excellent  electron  donator,  osmium  tetroxide  preferably  reacts 
with  residual  lithium  (lithium  dendrites)  leading  to  considerably 
higher  osmium  contents.  EELS  probing  of  the  bright  spots  confirms 
the  presence  of  lithium  that  coincides  with  an  increased  osmium 
content  observed  using  EDX  (Supporting  information  Fig.  SI  and 
Table  SI).  The  atomic  concentration  of  osmium  is  18-fold  higher 
at  sites  where  metallic  lithium  is  present,  compared  to  the  rest  of 
the  particle  where  the  relatively  low  osmium  concentration  is  a 
consequence  of  the  SEI  having  reacted  with  Os04.  These  results  are 
in  agreement  with  EDX  quantifications  performed  on  stained 
metallic  lithium  using  SEM  (Fig.  2). 

Pure  metallic  lithium  foil  was  further  investigated  to  exploit  its 
favored  reaction  with  osmium  tetroxide.  Upon  staining,  lithium 
metal  changed  its  color  from  silvery  metallic  to  dark  black,  became 
brittle  and  broke  apart  whilst  handling.  This  is  illustrated  in  Fig.  2a 
where  the  homogeneously  covered  lithium  surface  (top  left)  is 
fractured  exposing  a  rough  sample  surface  (bottom  right).  Crystals 
of  osmium  reaction  products  are  growing  in  grass-like  shape  un¬ 
derneath  the  removed  surface  (Fig.  2b  and  c).  The  differences  in 
morphology  between  the  surface  and  the  bulk  may  be  explained  by 
a  heterogeneous  distribution  of  various  lithium  species  present  on 
the  surface  of  the  as  received  lithium  foil  or  a  change  of  the  reaction 
kinetics  due  to  diffusion  limitations  for  the  osmic  acid  vapor  as  the 
thickness  of  the  reaction  layer  grows.  XPS  results  support  the 
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Fig.  1.  TEM  micrographs  of  graphite  particles  with  and  without  osmium  tetroxide  exposure,  (a)  HR-TEM  of  pristine  graphite,  (b-d),  HR-TEM  of  cycled  graphite  samples  after  OSO4 
exposure.  The  SEI  layer  of  the  stained  graphite  sample  is  interspersed  by  nano-sized  crystallites  of  osmium  reaction  products  (b).  The  sample  is  covered  by  the  reaction  products,  yet 
showing  the  graphene  layers  when  changing  beam  focus  (c).  Preferential  reaction  sites  are  visible  (d).  Osmium  tetroxide  is  reacting  selectively,  reproducing  the  heterogeneous 
structure  of  the  SEI.  Translucent  phases  show  almost  no  reaction.  Darker  phases  exhibit  high  material  contrast  due  to  stronger  reaction.  The  difference  might  be  due  to  the  preferred 
reaction  with  double  bonds  present  in  the  organic  components  of  the  SEI. 


difference  in  reactivity  towards  the  surface  species  and  will  be 
discussed  later  (Fig.  5).  The  reaction  is  accompanied  by  a  volume 
expansion  inevitably  leading  to  fracture  of  the  sample.  Additionally, 
the  reaction  speed  at  the  surface  is  much  higher  than  in  the  area 
below.  Whereas  the  reaction  at  the  surface  occurs  immediately,  it 
slows  down  with  increasing  reaction  layer  thickness  leading  to 
different  growth  modes.  The  osmium  reaction  front  grows  into  the 
deeper  layers  of  the  lithium  bulk  in  a  diffusion  limited  manner 
creating  the  unique  morphology  observed.  The  sandwich-like 
structure  of  the  cross-section  (Fig.  2d)  consists  of  an  about  3  pm 
layer  of  dense  osmium  reaction  products  on  the  former  lithium 
surface  (to  the  right  of  the  image),  a  10  pm  core  part  interspersed 
with  osmium  reaction  products  as  well  and  a  3  pm  thick  layer  to  the 
left  of  the  image  with  a  columnar  growth  mode  of  osmium  reaction 
products.  EDX  measurements  have  shown  that  all  three  sections 
had  the  same  osmium  content  of  approximately  30  at.%,  hence  the 
composition  of  the  reaction  layers  is  similar  and  differs  in 
morphology  only.  An  unreacted  lithium  core  was  found  using  XRD 
on  a  metallic  lithium  foil  that  was  exposed  to  OSO4  for  24  h 
(Supporting  information  Fig.  S5).  We  expect  a  thorough  reaction  if 
the  lithium  remains  exposed  for  a  longer  time.  However,  this  will 
not  restrict  the  application  for  investigations  of  lithium  dendrites  as 
their  dimensions  allow  for  an  immediate  reaction  with  osmium 
tetroxide  shown  in  the  following  experiments.  Yet,  a  limited  reac¬ 
tion  speed  and  diffusion  of  OSO4  into  the  pores  of  the  electrode  has 
to  be  taken  into  account  in  order  to  choose  an  appropriate  exposure 
time. 


Having  sufficiently  proven  the  preferred  reaction  of  osmic  acid 
with  metallic  lithium  it  is  obvious  that  the  staining  technique  can 
be  further  exploited  to  detect  lithium  deposition  or  residual  lithium 
on  electrodes  of  lithium  ion  batteries.  The  elemental  contrast 
aspect  of  the  OSO4  exposure  was  studied  intensively  using  scanning 
electron  microscopy  (SEM).  Experiments  were  conducted  where  an 
etched  copper  foil,  as  it  is  used  in  current  collectors,  was  electro- 
chemically  plated  with  lithium  (charged)  that  was  subsequently 
removed  (stripped)  by  a  reversed  current  (discharged).  According 
to  Faraday’s  Law  the  amount  of  charge  is  proportional  to  the 
amount  of  lithium  deposited/stripped.  A  coulombic  efficiency  of 
82%  indicates  that  by  far  not  all  deposited  lithium  could  be  removed 
from  the  copper.  This  can  be  ascribed  to  SEI  losses  occurring  as  soon 
as  metallic  lithium  is  in  contact  with  the  electrolyte  and  to  residual 
lithium  deposits  having  lost  electrical  contact  (“dead  lithium”), 
therefore  remaining  on  the  copper  surface  [20  .  The  rinsed  copper 
foil  was  exposed  to  osmium  and  investigated  in  the  SEM.  Different 
dendrite  morphologies  are  found  as  shown  in  Fig.  3a-c.  The  mi¬ 
crographs  show  intact  remaining  dendrites  (labeled  as  “Dead  Li”) 
that  got  stained  thoroughly  with  OSO4  in  close  vicinity  to  a  bundle 
of  electrochemically  stripped  dendrites  (labeled  as  “Removed  Li”) 
which  are  visible  only  by  their  stained  SEI  leftovers  (“Skins”).  The 
latter  ones  appear  as  a  hollow  shell  of  electrolyte  reduction  prod¬ 
ucts  having  reacted  with  the  OSO4  vapor  still  mirroring  the  initial 
shape  of  the  dendrites.  As  shown  in  the  beginning  of  this  section 
already,  the  SEI  shows  a  less  pronounced  reaction  with  0s04  than 
the  metallic  lithium,  thus  exhibiting  a  much  smaller  material 
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Li-metal  bulk  Li-metal  surface 


Fig.  2.  SEM  images  of  battery  grade  metallic  lithium  after  24  h  of  0s04  exposure,  (a)  Overview  showing  the  cracked  Li  surface  with  morphological  variations.  The  former  surface 
(top  left  of  (a)  is  smooth  and  homogenously  covered  whereas  the  bulk  has  completely  changed  its  morphology,  (b,  c)  Osmium  rich  crystallites  below  the  cracked  surface  in  flower 
like  (b)  and  grass  like  growth  mode  (c).  (d)  Cross  sectional  view  of  the  stained  lithium.  Only  the  uppermost  reaction  layer  of  the  metallic  lithium  foil  is  shown. 


contrast  in  the  SEM  micrographs  of  Fig.  3.  A  direct  comparison  of  a 
backscattered  electron  micrograph,  solely  depicting  the  differences 
in  elemental  weight,  and  a  secondary  electron  micrograph,  pref¬ 
erably  describing  the  morphology,  illustrates  the  highlighting  effect 
very  well  (Supporting  information  Fig.  S2).  Yet  another  interesting 
aspect  of  these  results  is  the  little  alteration  in  morphology  of  the 
reacted  dendrites.  There  is  no  evidence  of  a  crystallite-like  growth 
as  was  the  case  for  metallic  lithium  foil.  The  thickness  of  the  den¬ 
drites  may  play  a  major  role.  Osmium  tetroxide  approaches  the  SEI, 
reacting  with  its  outer  polymeric  part,  further  moving  towards  the 
lithium  dendrite  by  gaseous  diffusion  along  the  grain  boundaries 
and  defects  in  the  SEI.  Once  it  has  reached  the  metallic  lithium 
below,  OSO4  will  readily  react  with  lithium  dendrites  that  are  much 
thinner  than  the  bulk  lithium  foil.  A  concurrent  volume  expansion 
may  lead  to  SEI  fracture  increasing  the  pathways  for  the  osmium 
tetroxide.  Hence,  the  reaction  occurs  fast  and  is  not  limited  by 


diffusion  of  a  reaction  boundary  in  the  same  manner  as  for  the  bulk 
metallic  lithium.  The  shape,  orientation  and  size  of  the  dendrites 
has  changed  only  negligibly  whilst  staining.  It  seems  as  if  they  have 
grown  randomly  and  not  necessarily  in  the  direction  of  the  counter 
electrode.  Some  are  being  deflected  quite  often,  also  appearing  in 
different  thicknesses.  This  non-uniform  growth  can  easily  lead  to 
mechanical  interaction  among  dendrites  causing  the  loss  of  elec¬ 
trical  contact.  No  greater  beam  damage  was  observed  where 
osmium  staining  had  taken  place.  Even  subtle  structures  like  the 
“SEI-skins”  of  stripped  dendrites  (Fig.  3)  remained  stable  in  the 
electron  beam.  Thus  it  appears  that  osmium  reaction  products 
provide  a  stabilization  of  the  SEI  components  making  them  more 
accessible  to  electron  microscopy  investigations. 

For  a  quantitative  measure  of  the  lithium  dendrites,  electro¬ 
chemical  results  are  compared  to  energy  dispersive  x-ray  spec¬ 
troscopy  (EDX)  data  in  dedicated  plating  experiments.  When 
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Fig.  3.  Appearance  of  lithium  dendrites  on  a  copper  electrode  after  0s04  exposure.  The  metallic  lithium  was  deposited  electrochemically  in  constant  current  mode  and  was  stripped 
off  electrochemically  thereafter  by  applying  a  constant  current  of  the  same  rate  in  the  opposite  direction.  The  coulombic  efficiency  of  the  charge/discharge  cycle  was  determined  to 
be  82%.  (a-c)  Arrows  indicate  i)  the  remaining  “dead  lithium”  and  ii)  the  leftovers  of  electrochemically  removed  lithium.  Latter  ones  (its  electrolyte  reaction  (SEI)  layer  has  reacted 
with  the  0s04)  can  be  clearly  distinguished  from  the  very  prominent  intact  lithium  dendrites  that  have  readily  reacted  with  0s04.  The  shape  of  both  remains  almost  untouched  by 
the  staining  reaction  allowing  conclusions  on  growth  mode  and  extend. 


electrochemically  depositing  a  certain  amount  of  lithium,  the 
amount  of  osmium  detected  by  EDX  should  be  proportional  to  the 
amount  of  lithium  that  can  be  calculated  from  the  charge 
consumed  using  Faraday’s  law.  For  least  influence  of  the  supporting 
matrix,  pure  copper  discs  were  used  as  electrodes.  The  electro¬ 
chemical  and  EDX  results  of  such  an  experiment  with  different 
amounts  of  lithium  deposited  are  shown  in  Table  1.  Dividing  the 
amount  of  osmium  on  the  sample  by  the  mass  of  lithium  equivalent 
to  the  charge  transferred  electrochemically,  shows  that  the  amount 
of  osmium  detected  by  EDX  scales  linearly  with  the  amount  of 
lithium  deposited.  An  uncertainty  in  the  results  arises  from  the  part 
of  lithium  reacting  with  the  electrolyte,  therefore  causing  a 
different  reaction  with  OSO4.  The  deviation  may  only  cause  errors  in 
case  of  very  small  amounts  of  lithium  deposited  or  with  very  fine 
plating,  where  the  ratio  of  metallic  lithium  to  dendrite  surface  is 
relatively  low.  The  EDX  results  have  shown  that  the  OSO4  staining 
technique  allows  to  determine  the  relative  amount  of  lithium 
deposited  on  plated  electrode  surfaces. 

The  unique  visibility  of  the  dendrites  can  be  also  used  to 
further  study  lithium  distribution,  areas  of  preferred  growth,  and 
area  specific  quantification  of  lithium  deposition,  especially  on 
graphite  anodes,  by  far  exceeding  the  capabilities  of  electron  mi¬ 
croscope  imaging  on  unstained  samples.  Fig.  4  gives  an  overview 


of  means  to  verify  dendrites  with  (Fig.  4e-h)  and  without 
(Fig.  4a-d)  osmium  tetroxide  staining.  Excitation  voltage,  aperture 
and  working  distance  of  the  electron  microscope  is  adjusted  from 
Fig.  4a  to  b  and  Fig.  4c  to  d  for  an  optimized  visibility  of  lithium 
dendrites  with  respect  to  the  graphite  base  material.  A  high¬ 
lighting  effect  is  successfully  achieved  improving  with  increasing 
magnification,  however,  being  consumed  by  edge  effects  of  the 
graphite  particles  at  lower  magnification  quickly  (Fig.  4d).  Fig.  4e— 
h  shows  a  combination  of  SE  imaging  and  EDX  mapping.  Very 
good  singularization  of  the  lithium  deposits  is  achieved  in  Fig.  4g 
supported  by  the  EDX  mapping  in  Fig.  4h.  Stained  lithium  den¬ 
drites  can  be  well  distinguished  from  graphite  even  at  lower 
magnifications,  enabling  an  easy  detection  at  low  magnifications 
also.  Thus,  distribution  of  dead-lithium  across  the  surface  of 
graphite  electrodes  can  be  studied  conveniently.  Another  difficulty 
of  detection  usually  arises  at  sites  where  lithium  was  almost  fully 
removed  electrochemically  (Fig.  4e  and  f).  Only  little  information 
can  be  obtained  from  the  SE-images  despite  the  use  of  osmic  acid. 
However,  the  combination  with  EDX  mapping  accentuates  even 
the  locations  where  lithium  deposits  had  formed  before  through 
the  stained  SEI  residues.  This  allows  an  unprecedented  way  to 
localize  sites  of  lithium  growth  even  though  the  lithium  is  not 
present  anymore. 
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Without  0s04  staining  With  0s04  staining 


Fig.  4.  Visibility  of  lithium  deposition  on  graphite  electrodes  with  and  without  0s04  treatment  using  a  combination  of  SE  imaging  and  EDX  mapping,  (a-d)  SE  images  of  unstained 
electrodes.  Aperture,  working  distance,  excitation  voltage  and  exposure  was  optimized  from  (a)  to  (b)  and  (c)  to  (d)  in  order  to  accentuate  the  lithium  deposits  with  respect  to  the 
graphite,  (e-h)  SE  images  of  0s04  treated  electrodes.  Whereas  an  area  with  removed  dendrites  (e)  shows  almost  no  material  contrast  despite  0s04  staining,  the  corresponding  EDX 
mapping  (f)  overcomes  invisibility  of  empty  SEI  skins  that  testify  the  presence  of  lithium  dendrites  that  have  been  removed  electrochemically.  Lower  magnification  image  of  the 
electrode  exhibits  good  material  contrast  using  secondary  electron  imaging  (g).  The  element  map  (h)  for  carbon  (red)  and  Os  (blue)  supports  the  highlighting  effect  of  the  osmium 
reaction.  All  electrodes  have  been  subject  to  electrochemically  forced  lithium  deposition  (overcharge)  and  removal  (full  discharge)  prior  to  the  staining  treatment.  (For  inter¬ 
pretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


In  order  to  obtain  less  localized  information  on  the  lithium 
distribution,  lower  magnifications  have  to  be  used.  A  comparable 
adjustment  of  the  electron  microscope  does  not  exhibit  the  high¬ 
lighting  effect  that  can  be  achieved  using  high  magnifications  as 
described  above.  Yet,  the  enhanced  material  contrast  of  osmium 
reaction  products  tremendously  extends  the  visibility  (Supporting 
information  Fig.  S4).  Therefore  first  experiments  were  realized 
exploiting  the  emphasis  of  osmium  in  the  SEM  in  backscattered 
mode.  The  very  bright  osmium  reaction  sites  stand  out  from  the 
matrix  of  lighter  elements.  Adjusting  contrast  and  brightness,  this 
effect  can  be  used  to  create  threshold  pictures  (Supporting 
information  Fig.  S4)  that  can  be  quantitatively  analyzed  for  their 
area  fractions.  Systematic  studies  of  lithium  quantification  in 
combination  with  the  threshold  method  are  underway. 

Despite  the  many  advantages,  side  reactions  with  intercalated 
lithium  are  likely  to  occur  due  to  the  highly  oxidative  behavior  of 
the  Os8+.  To  avoid  misinterpretation  of  the  results,  care  has  to  be 


taken  on  a  thoroughly  discharge  of  the  graphite,  as  was  done  for  all 
of  our  samples  prior  to  exposure.  Yet,  we  cannot  exclude,  that  the 
lithium  found  in  the  specific  sample  of  TEM  Fig.  SI  represents  a 
feature  of  chemical  deintercalation  of  the  graphite.  Albeit  this 
basically  undesired  reaction,  we  are  currently  investigating  the 
advantages  thereof.  When  lithium  is  removed  from  the  graphite, 
this  process  is  restricted  to  preferential  sites  of  the  graphite,  e.g.  the 
prismatic  planes.  Thus,  lithium  can  only  exit  through  defined 
diffusion  paths  and  flaws  which  could  be  highlighted  by  the 
staining  technique. 

3.2.  Reaction  mechanism 

Osmium  tetroxide  is  known  to  react  with  double  bonds  and  as  a 
strong  Lewis  acid  may  also  attack  carboxyl  groups,  alcohols, 
amines,  esters  and  ethers.  It  has  also  been  shown  to  stain  grain 
boundary  regions  between  amorphous  and  crystalline  parts  of 
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Fig.  5.  XPS  spectra  of  metallic  lithium  after  Os04  exposure.  Sputtering  reveals  differences  in  composition.  The  XPS  signals  of  a  stained  lithium  metal  sample  change  during 
sputtering  showing  differences  between  reaction  products  on  the  surface  and  in  the  bulk.  Each  of  the  two  argon  sputtering  cycles  shown  removed  about  50  nm  of  material  from  the 
surface.  The  composition  remains  the  same  after  about  50  nm.  An  overlap  of  Os  4f  signals  with  Li  Is  can  be  seen.  An  even  stronger  overlap  of  energies  is  present  for  the  Os  4d  and  Cl 
s  energies. 
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Table  1 

EDX  quantification  of  lithium  deposited  on  copper  foil  exposed  to  0s04.  Values  for  C,  Cu,  F,  0  and  P  (electrolyte  components)  are  not  shown  here  but  were  considered  for 
quantification. 


Li  deposited  (mAh) 

Equiv.  Amount  of  lithium  (pg) 

Amount  of  Os  detected 

Os  :  Li  ratio  (wt.%  pg  :) 

Os  :  Li  ratio  (at.%  pg  :) 

Os  (wt.%) 

Os  (at.%) 

0.01 

2.6 

1.9 

0.5 

0.73 

0.19 

0.30 

77.7 

57 

13.7 

0.73 

0.18 

polyethylene  or  polypropylene  polymers  ethers  [48  .  Thus,  a  reac¬ 
tion  with  reduced  organic  parts  of  the  SEI  containing  double  bonds, 
but  also  polycarbonates  or  lithium  alkyl  carbonates,  which  have 
been  shown  to  compose  the  organic  part  of  the  SEI  layer  [28  ,  is 
very  likely.  Although  the  exact  staining  reactions  still  need  to  be 
clarified  it  is  clearly  evidenced  by  the  TEM  and  SEM  results  in  Figs.  1 
and  3  that  a  reaction  with  parts  of  the  SEI  layer  occurs.  However, 
due  to  the  highly  oxidative  nature  of  0s04  there  is  also  a  strong 
driving  force  of  0s04  to  react  with  metallic  lithium  or  lithiated 
graphite.  As  the  osmium  reaction  has  so  far  not  been  investigated 
using  materials  for  energy  storage,  elucidating  the  reaction  mech¬ 
anism  will  help  interpreting  the  spectroscopic  and  morphological 
results.  Metallic  lithium  turns  from  silver  color  to  shiny  black  on  the 
surface  after  osmium  exposure  as  does  lithium  that  was  deposited 
on  top  of  a  graphite  electrode.  For  the  highly  reactive  lithium  it 
would  be  straight  forward  to  expect  the  following  reaction  path 
forming  the  stable  Os  (IV)  oxide  and  lithium  oxide: 

4  Li  +  0s04  -►  2Li20  +  0s02  (1) 

The  black  color  though,  does  reflect  neither  the  lithium  oxide 
nor  the  osmium  (IV)  oxide.  This  suggests  that  different  reaction 
products  have  formed.  XRD  measurement  of  the  lithium  bulk  that 
has  not  reacted  thoroughly,  as  well  as  explicit  measurement  of  the 
black  reaction  layer  present  on  metallic  lithium  is  displayed  in 
Supporting  information  Fig.  S5.  The  high  background  at  lower 
Bragg  angles  originates  from  the  Kapton  foil  used  to  fix  the  sample. 
No  binary  osmium  compounds  can  be  fitted  using  the  Inorganic 
Crystal  Structure  Database,  neither  the  expected  lithium  oxide  nor 
other  lithium  compounds  such  as  LiOH  and  Li2C03.  Therefore  we 
expect  the  osmium  tetroxide  to  react  with  lithium  by  forming  a 
ternary  LixOsyOz  compound.  Known  ternary  osmium  compounds 
containing  lithium  are  reported  to  be  Li50s06  49],  LieOsOe  [50], 
LiyOsOe  [51  .  However,  none  of  the  reported  structures  fits  the 
measured  patterns  well.  A  minor  contribution  of  the  LiyOsOe  phase 
could  be  found  but  does  not  represent  the  main  phase.  With  respect 
to  the  oxidation  state  of  this  structure,  a  low  oxidation  state  of 
osmium  (here  +V)  appears  more  likely  to  have  formed  than  the 
high  oxidation  states  in  Li50s06  and  LieOsOe  being  +VII  and  +VI, 
respectively.  Hence,  a  more  detailed  structural  investigation  of 
lithium-osmium  compounds  would  be  necessary  to  precisely 
identify  the  reaction  products  formed  but  is  beyond  the  scope  of 
this  manuscript.  The  broadness  of  the  peaks  yet  accounts  for  the 
nano-size  of  the  particles  already  observed  using  TEM.  Apparently  a 
much  more  complex  reaction  than  Equation  (1)  occurs  on  the 
surface.  The  low  temperature  and  the  high  speed  at  which  the  re¬ 
action  takes  place  leads  to  a  reaction  product  with  high  defect 
density  absorbing  most  parts  of  the  visible  light,  therefore 
appearing  black.  XPS  measurements  of  a  pristine  graphite  after 
osmium  tetroxide  exposure  (not  presented  in  this  paper)  show  that 
there  is  no  remarkable  staining  effect  on  the  pure  carbon  active 
material.  Hence,  experimental  results  should  not  be  corrupted  by  a 
hidden  graphite  reaction. 

Battery  grade  lithium  metal,  exposed  to  0s04,  was  probed  for 
the  chemical  bonding  of  the  osmium  species  formed.  Additional 


depth  profiling  of  the  stained  lithium  foil  shows  a  prominent 
change  of  the  spectra,  indicating  differences  in  the  reaction  of 
surface  and  bulk  (Fig.  5). 

In  the  C  Is  spectra  the  polyolefin  contamination  and  carbonate 
peak  of  the  stained  lithium  surface  (pronounced  peaks  at 
~  284.8  eV  and  ~290  eV)  with  two  satellite-like  peaks  at  295  eV 
and  280  eV  can  be  seen.  As  the  lithium  surface  is  almost  always 
covered  by  trace  contaminants,  the  carbonate  peak  is  a  regular 
feature  of  the  lithium  XPS-spectrum.  The  two  satellite  peaks  can  be 
attributed  to  the  Os  4d  binding  energies  that  overlap  with  the  C  Is 
energy  levels.  Upon  sputtering,  the  C-0  and  C]0  peaks  have  van¬ 
ished  revealing  the  Os  4d  peaks.  Applying  a  second  sputtering  cycle, 
the  energies  and  intensities  remain  the  same  in  comparison  to  the 
first  one.  Having  removed  about  100  nm  it  becomes  obvious  that 
the  osmium  tetroxide  does  not  only  react  at  the  surface  of  metallic 
lithium  as  was  already  evident  from  the  SEM  measurements  of  the 
metallic  lithium  foil.  The  shape  of  the  osmium  satellites  does  not 
change  upon  surface  removal,  thus  the  reaction  products  formed 
should  be  of  the  same  nature. 

In  the  Li  Is  spectrum  a  broad  peak  between  54  eV  and  56  eV 
represents  the  main  surface  contaminations  of  the  lithium  metal, 
Li20  and  Li2C03.  The  other  peak  is  correlated  to  the  Os  4f  signal  at 
52  eV  (Os02).  Further  Os  4f  contribution  can  be  found  at  energies 
>57  eV,  however,  metallic  osmium  (50  eV)  is  not  present.  The  Li  Is 
binding  energies  do  not  change  significantly  upon  sputtering 
showing  that  the  osmium  reaction  products  are  the  same  but  differ 
with  respect  to  their  relative  amounts.  Yet  a  small  deviation  in  the 
high  energy  shoulder  is  observed  upon  sputtering.  It  can  be 
assumed  that  this  refers  to  different  osmium  reaction  products  in 
comparison  to  the  species  present  on  the  surface.  However,  this 
change  is  also  likely  to  be  induced  by  the  reductive  argon  ions  and 
is  therefore  a  consequence  of  the  sputtering  process  but  not  an 
intrinsic  sample  property. 

The  main  peak  energy  in  the  Os  4p3/2  spectrum  is  located  at 
472.7  eV.  Metallic  osmium  corresponds  to  energies  of  470.7  eV  and 
Os02  to  472.9  eV  52].  This  indicates  that  osmium  is  in  a  similar 
chemical  environment  as  in  Os02  and  has  an  oxidation  state  of +IV. 
However,  the  peak  width  indicates  that  there  may  be  other  osmium 
compounds  with  higher  and  lower  binding  energies  as  well.  With 
respect  to  the  XRD  and  XPS  data,  we  propose  a  lithium  osmate 
LixOsyOz  which  contains  osmium  most  likely  in  an  oxidation  state 
of  +IV.  The  broad  peaks  indicate  the  existence  of  more  complex  Li- 
O-Os  compounds  with  various  bonding  energies. 

The  osmium  energies  overlap  with  energies  from  Li  Is  and  C  Is. 
The  Os  4d  energies  are  located  at  about  297  eV  (4d3/2)  and  282  eV 
(4d5/2)  and  thus  in  close  proximity  to  the  carbonate  and  contam¬ 
ination  peak  of  the  C-0  bonding  energies.  A  similar  effect  is  even 
more  severe  for  the  lithium  specific  energies.  Os  4f  signals  (52  eV- 
62  eV)  overlap  with  the  Li  Is  spectrum  as  can  be  seen  in  Li  Is  en¬ 
ergies  of  Fig.  5.  Hence,  lithium  is  being  over-determined.  The  ratio 
of  Li  to  Os  content  in  the  sample  is  difficult  to  obtain  as  the  osmium 
signals  suppress  the  lithium  signal.  A  correction  of  the  sensitivity 
factor  is  essential.  Seemingly,  high  osmium  intensities  in  the  XPS 
spectra  do  not  automatically  correspond  to  high  osmium  contents 
in  the  sample.  The  atomic  concentration  of  osmium  rises  from 
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Fig.  6.  SEM  images  of  the  cross  section  of  a  graphite  electrode  at  different  stages  during  the  slice  and  view  procedure,  (a— f)  The  highlighted  areas  show  characteristic  features  of  the 
staining  procedure.  The  top  of  the  electrode  is  covered  with  lithium  dendrites  exhibiting  a  high  material  contrast  due  to  their  strong  reaction  with  0s04  (b).  Lithium  deposits  can 
also  be  found  within  the  electrode  (circles  in  (b)  and  (f))  partly  clogging  pore  space.  Differences  in  the  SEI  layer  surrounding  the  graphite  particles  are  visible  (circles  in  (d)  and  (e)) 
revealing  variations  in  thickness.  These  differences  are  especially  obvious  in  (e)  where  a  multilayer  structure  can  be  deduced  from  varying  material  contrast.  A  fly-through  movie  of 
all  250  slices  can  be  found  in  the  supporting  information. 


0.8  at.%  before  to  3  at.%  after  sputtering  which  is  not  in  agreement 
with  the  TEM-EDX  and  SEM-EDX  results.  As  the  penetration  depth 
of  XPS  is  less  than  50  A,  and  100  nm  of  the  lithium  surface  layer 
were  removed  only,  we  can  conclude  that  the  argon  sputtering  has 
not  exposed  the  main  reaction  phase. 

3.3.  Slice  and  view 

Cycled  and  purposely  overcharged  graphite  composite  elec¬ 
trodes  were  fully  discharged  and  subsequently  exposed  to  OSO4. 
After  12  h  exposure  the  samples  were  cut  on  a  dual  beam  device  for 
cross-sectional  investigations  using  a  slice-and-view  technique  as 
explained  in  the  experimental  section.  In  total,  250  slices  were 
removed  in  a  step  by  step  procedure  with  a  step  size  of  105  nm.  The 
series  of  images  was  used  to  create  a  fly-through  movie  that  can  be 
found  in  the  Supporting  information. 

Analyzing  the  cross-sectional  images,  heterogeneities  in 
contrast  and  thickness  of  the  layers  surrounding  the  graphite  par¬ 
ticles  are  visible  (Fig.  6).  The  dark-grey  areas  represent  the  graphite. 
The  surrounding  SEI  layer  commonly  appears  brighter  due  to  the 
osmium  staining  that  leads  to  a  stronger  inelastic  interaction  of 
electrons  with  the  material.  A  third,  very  bright  level  can  be 
attributed  to  osmium-rich  lithium  residues. 

As  highlighted  in  Fig.  6d  and  e,  the  graphite  particles  are  covered 
by  a  layer  that  is  consistently  thicker  towards  the  bottom  part  of  the 
electrode.  In  some  places  (Fig.  6b  and  d)  this  layer  is  almost  clog¬ 
ging  the  pores  by  its  dimensions,  remaining  less  than  2  pm  in 
thickness,  though.  Looking  more  in  detail  (bottom  of  Fig.  6e),  some 
of  the  graphite  particles  are  covered  by  two  layers  of  different 
contrast.  The  brighter  one  seems  to  have  grown  on  top  of  the  one 
closer  to  the  graphite.  As  there  is  a  relatively  distinct  interface  be¬ 
tween  both  layers  the  difference  in  contrast  is  neither  an  artifact 
nor  does  it  originate  from  lithium  deposits  breaking  through  the 
SEI.  The  split  layer  could  rather  be  due  to  a  change  in  composition  of 
the  multilayer  SEI  whilst  cycling  [53,54],  e.g.  a  thicker  organic  outer 
layer  or  less  conductive  reaction  products  appearing  brighter  in  the 
SEM. 


Additionally,  the  lithium  residues  react  more  vigorously  with 
osmium  tetroxide.  These  areas  of  very  high  osmium  content 
appear  even  brighter  than  the  stained  graphite  cocoons.  According 
to  our  earlier  investigations  they  can  be  attributed  to  metallic 
lithium,  i.e.  lithium  dendrites.  Most  of  which  can  be  found  on  the 
electrodes’  surface  where  worm-like  structures  can  be  distin¬ 
guished  from  the  bulk  platinum  pad  above.  Surprisingly,  these  are 
not  limited  to  the  surface  of  the  electrode.  Areas  of  equivalent 
contrast  are  nestled  to  the  porous  particle  framework.  They  are 
several  micrometers  in  size  and  separate  themselves  clearly  from 
the  surroundings  in  terms  of  contrast.  A  pseudo  color  image 
(graphical  abstract)  highlights  the  different  material  contrasts, 
revealing  graphite,  SEI  and  lithium  dendrites.  One  might  have 
expected  lithium  to  also  grow  within  the  graphite  composite 
electrode.  The  extent  of  the  lithium  dendrites  however  is  unex¬ 
pected.  To  the  best  of  our  knowledge  no  investigations  concerning 
lithium  dendrite  distribution  across  the  electrode  have  been 
published  so  far.  Due  to  the  close  vicinity  of  the  potential  of  fully 
charged  graphite  to  that  of  metallic  lithium,  the  electrode  poten¬ 
tial  is  likely  to  drop  below  the  actual  lithium  deposition  potential. 
The  complex  current  distribution  within  the  porous  electrode 
leads  to  local  potential  differences  that  can  hardly  be  estimated 
[25].  Drops  in  potential  down  to  values  below  lithium  deposition 
are  inevitable  on  the  particle  level  although  the  overall  electrode 
potential  recorded  may  still  be  above  0  V  against  Li+/Li.  Hence  the 
complex  morphology  of  the  porous  electrode  represents  a  fertile 
soil  for  lithium  deposition  making  it  almost  impossible  to  control 
lithium  plating  throughout  the  electrode.  The  volatile  osmium 
tetroxide  vapor  represents  a  valuable  means  to  analyze  composite 
electrode  cross  sections  for  their  lithium  dendrite  distribution  and 
the  evolution  of  the  SEI  layer. 

4.  Conclusion 

Osmium  tetroxide  staining  was  successfully  applied  to  graphite 
anodes  and  metallic  lithium  tremendously  improving  contrast  in 
electron  microscopy.  Similar  to  the  fixation  of  tissue  in  biology  and 
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medicine  we  were  able  to  minimize  the  damage  inflicted  on  the 
sample  by  the  electron  beam  in  the  SEM  or  TEM.  The  reaction  of 
osmium  tetroxide  with  the  SEI  allows  for  an  improved  visibility  in 
TEM  making  it  clearly  distinguishable  from  the  graphite  it  sur¬ 
rounds.  This  opens  up  new  possibilities  to  investigate  the  evolution 
of  the  SEI  over  the  life  time  of  battery  anodes  gaining  a  better  un¬ 
derstanding  of  the  electrode/electrolyte  interface.  Our  studies  have 
shown  that  metallic  lithium  intensely  reacts  with  osmium  tetrox¬ 
ide.  Hence,  we  were  able  to  highlight  lithium  dendrites  on  the 
surface  and  within  the  cross  section  of  graphite  electrodes  in  the 
electron  microscope  for  the  first  time.  Offering  an  increased  ma¬ 
terial  contrast,  the  osmium  reaction  products  allowed  to  substan¬ 
tially  improve  detection  and  quantification  of  lithium  deposits.  The 
material  contrast  as  well  as  the  small  change  in  dendrite 
morphology  invoked  by  the  reaction  can  be  further  utilized  to  ease 
the  investigation  of  dead  lithium  on  graphite  electrodes.  In  com¬ 
bination  with  EDX,  the  technique  offers  the  quantification  and 
mapping  of  distribution  of  “dead  lithium”  on  graphite  electrodes. 
EDX  can  be  furthermore  used  localize  sites  of  lithium  deposition 
through  their  stained  SEI  shells  even  though  the  lithium  has  been 
removed  electrochemically  already. 

An  additional  stability  of  the  sample  under  ambient  air  was 
achieved.  Stained  samples  did  not  show  any  reactions  with  air 
moisture  for  an  extended  amount  of  time  compared  to  unstained 
ones  (Supporting  information  Fig.  S3).  We  further  believe  that  this 
technique  can  be  well  applied  to  other  anode  materials,  although 
the  OSO4  staining  appeared  most  efficient  in  the  case  of  enhancing 
poor  elemental  contrast  in  graphite  electrodes.  Yet,  the  exact  re¬ 
action  mechanism  remains  ambiguous  and  will  be  part  of  future 
investigations.  The  formation  of  ternary  LixOsyOz  compounds  was 
proposed  based  on  XPS  and  XRD  results.  Owing  to  the  versatility  of 
the  technique,  further  efforts  will  help  to  fully  exploit  its  potential 
for  lithium  battery  research. 
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